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Which WIMP?

e EW interaction sets abundance: M only parameter
e DM neutral component of generic SU(2) n-plet:

T5+Y =0

e DD bounds no Z coupling:
o odd n: Y=0 (real)
o evenn, Y# 0: needs mixing partner

e Real odd-plets SPECIAL: IR physics
independent on completion

Computability: SU(2) Landau Pole >> M =n=s13
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Computing the DM Relic Abundance

dY s(x) r dg. 5 5
Bol ion: —_— == N 11— — | (Y*(x) =Y  (x
oltzmann equation e o) (ov) ( 39.(@) d:z:> (Y*(x) (.q(l))
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Computing the DM Relic Abundance

_ dY s(x) r  dg. 2 2
; e I == — ) (Y*(x) = Y2 (:
Boltzmann equation - :L'H(;TL'( NS ) (Y*(z) — Yq(x))
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Computing the DM Relic Abundance

_ dY s(x) r  dg. 5 5
. & |- Y2(z) - Y2 (:
Boltzmann equation - TH( ( NS ) (Y*(z)— Y, (x))

WHICH CROSS-SECTION?

rad(2nt + 17n? — 19)

Correct...
169, M2

Std. tree-level cross-section:  (owv)y =
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Computing the DM Relic Abundance

_ dY s(x) r dg. 9 9
: e i T == : Y“(x) —-Y:(x
Boltzmann equation P :z:H(;v( Ba.15) ) (Y(x) — Y, (z))

WHICH CROSS-SECTION?

rad(2nt + 17n? — 19)

: Correct...
16g, M f

Std. tree-level cross-section:  (owv)y =

... but inaccurate! Important physics is missing

e Sommerfeld enhancement
e Bound states formation
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Computing the DM Relic Abundance
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rad(2nt + 17n? — 19)
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16g, M f

Std. tree-level cross-section:  (owv)y =

... but inaccurate! Important physics is missing

e Sommerfeld enhancement

_ Large non-perturbative, non-relativistic effects!
e Bound states formation
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Computing the DM Relic Abundance

r dg.
39«(z) dx

Boltzmann equation:
dz

& _ s (1 ) (V3(z) - Y2(2))

WHICH CROSS-SECTION?

rad(2nt + 17n? — 19)

: Correct...
16g, M f

Std. tree-level cross-section:  (owv)y =

... but inaccurate! Important physics is missing

e Sommerfeld enhancement

_ Large non-perturbative, non-relativistic effects!
. formation
keep in mind for later!
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Thermal target results
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DM spin EW n-plet| M, (TeV)
3 2.53 +10.01

D 154 0.7

Real scalar 4 54.2+3.1
9 1178 & 15.4

11 199 + 42

13 338 £ 102

3 2.86 + 0.01

5 18.6 0.5

Majorana fermion 7 48.8 = 3.3

9 11815

11 202 + 43

13 324.6 £ 94



M, [TeV]

Thermal target results
DM spin EW n-plet| M, (TeV)
. </3 2.53 £ 0.01
A pgvr— ; 3 5 | 154407
* Real Scal 7 54.2 £ 3.1
== # Real scalar
E 9 117.8 + 154
11 199 £ 42
1 13 338 £ 102
: 2.86 % 0.
<\5 13.6 £0.8
i i o , 7 IS8 £ 3.3
| | Majorana fermion ‘
3 5 7 9 11 13 15 17 9 113 £ 15
n—plet 11 202 =43
13 324.6 = 94

30-ish TeV collider might probe them
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Thermal target results
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Need at least 100 TeV collider!
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DM spin EW n-plet| M, (TeV)
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WIMPs @ high energy lepton colliders

Why high energy lepton colliders?

e EW nature of signal : high energy lepton collider as

“EW bosons collider”
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WIMPs @ high energy lepton colliders
Why high energy lepton colliders?
e EW nature of signal : high energy lepton collider as
“EW bosons collider”
e Clean environment: full event reconstruction
(Missing mass,...)
e More energy in hard cross section: needed since

WIMPs are heavy

M.Costa (SNS and INFN, Pisa)
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How to detect WIMPs @ Muon Collider?

e Recoils against invisible objects: Mono-X,Di-X \—/4
(monoY, monoZ, monoW, monoy, DiY, DIW, Diy)  janetar 200911287 Botiaro. MC etal.
' ' 2107.09688
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How to detect WIMPs @ Muon Collider?

v ) ¢
e Recoils against invisible objects: Mono-X,Di-X \—/4
,‘ENM
(monoY, monoZ, monoW, monoy, DiY, DIW, Dip)  fanetal 2009 11287 Bottaro, MCetal.

2107.09688

e Disappearing tracks: lifetime robust prediction G+ 0ot
Capdevilla et al. Bottaro, MC et al. ’_>_#
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How to detect WIMPs @ Muon Collider?

v, o) b
e Recoils against invisible objects: Mono-X,Di-X \—/4
,“/WKNM
(monoY, monoZ, monoW, monoy, DiY, DIW, Dip)  fanetal 2009 11287 Bottaro, MCetal.

2107.09688

e Disappearing tracks: lifetime robust prediction G+ 0ot
Capdevilla et al. Bottaro, MC et al. ’_>_’
2102.11292 2107.09688

e Resonances: Bound States

Bottaro et al.

2103.12766 r > P ’<a{

I‘I
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Missing Mass search example: mono-Y

Sig popt ="

Bkg
popt =

ISR(/FSR)
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Missing Mass search example: mono-Y

my = 1TeV

m, = 3 TeV

background

M.Costa (SNS and INFN, Pisa)

i
E, [TeV]
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Han et al.2009.11287
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Missing Mass search example: mono-Y

my = 1TeV

m, = 3 TeV

background

4
E, [TeV]

S

VS + B+ (e55)? + (¢ B)?
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Han et al.2009.11287
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Mono-V
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Lumi vs Energy (Mono-\W)

3F

100 F

50+

20+

10}

E [TeV]

L [ab_l]
20. 12 TeV
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€e=0%

E [TeV]

100F

50+

20+

10}

£ [ab7]

20: 35 TeV



Di-V

Bkg

M.Costa (SNS and INFN, Pisa)

Di-y

w'

M

Y

Exploit high EW charge of signal

Di-W (same sign)

W+W-vv + mistag

€ mistag=0.1%
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Mono-X & Di-X results

€=0%,01%,1%
s =14 TeV, £=20ab™", Majorana 3—plet

\'s =30 TeV, £ =90 ab~!, Majorana 5-plet

mono—y

f120 . mono—y
mono-W (incl.) 7 50 mono-W (incl.) e
/] ] 28 72 50
mono-W (lep.) . mono-W (lep.) -
mono-Z Z mono-Z é
. 2
_‘,’ d i
di—) = di—y g
di—W (SS) di—-W (SS)
MIM (comb.) MIM (comb.)
1 2 3 4 5 6 7 5 10 15

M, reach [TeV] M, reach [TeV]

Mono-X: Mono-W best; S/B<0.1%: need strong pT cuts (E/4-ish)
Di-X: Good for 5; S/B up to 1; robust to €
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M.Costa (SNS and INFN, Pisa)



Muon channels Han et al.

2009.11287
Mono-u Di-p
pr
+
’\/\/\/\/\/\ X v 7 —
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Bkg v
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i

VBF channels

30
M.Costa (SNS and INFN, Pisa)



Mono-u results

Han et al.
2009.11287

L=20ab™!

\/E =14 Tey — 0%syst

=== 0.5% syst

1072
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1

Good at low mass

2 3
m,, [TeV]
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Disappearing Tracks

Sig

Bkg
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5" oo’
> e +Y

N,
nvls/b/e

BIB hits reconstructed as tracks + Y

Disappearing condition:
decay between 5 cm and 12.7 cm
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Disappearing Tracks

Sig

Bkg
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5" oo’
> e +Y

N,
nvls/b/e

BIB hits reconstructed as tracks + Y

Disappearing condition:
decay between 5 cm and 12.7 cm

Recast of Capdevilla et.al
2102.11292

For details of analysis:
see next talk by J.Zurita
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Disappearing Tracks

) Disappearing condition:
G " O decay between 5 cm and 12.7 cm

B +Y

Sig
iny;. . Recast of Capdevilla et.al
"Sib/ 2102.11292
For details of analysis:
see next talk by J.Zurita
Bkg BIB hits reconstructed as tracks + Y
Q% 0emmw 120 mm
Splitting/lifetime FIXED for real WIMPs M — M ~ : - CTy+ X

2(1 -+ cos HHF) T(T + 1) '

14
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Lumi vs Energy (DT)

100F

E [TeV]

L [ab™']
20:. 6 TeV
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€e=0%

E [TeV]

S5F

100

£ [ab™']
20: 35 TeV...
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Mono-X & Di-X results

e=0%,0.1%,1%

\s =14TeV, £L=20ab™}, Majorana3—plet

Bottaro, MC et al. 2107.09688¢c

\'s =30TeV, £L=90ab™", Majorana5-plet

s S— S — e € T
mono-W (incl.) mono-W (incl.) S — £ 20
mono-W (lep.) mono-W (lep.) /, So
mono-7Z mono-7Z <
di—y di—y z
di-W (SS) di-W (SS) g
MIM (comb.) MIM {comb.) &
1DT 1 DT
2DT 20T e ,ﬁ —— ,,..\;",’f’.ﬂ; 1
5 10 15
M, reach[TeV] M, reach [TeV]

1DT: Good for 3; For 5 comparable to MIM

16
M.Costa (SNS and INFN, Pisa)



Scalar WIMPs

3S (Disappearing Tracks)

100F ' : ' —— E
\s =14TeV, £=20ab™}, scalar 3—plet "
romos sol ]
mono-W (incl.) '/_ 20 [ |
mono-W (lep.) 7 50 20} 1 ]
mono-Z = = [ | \
- § % i QL Thermal -
di-wess) | g ‘ o S ]
MIM (comb.) l e | 0.1 - S
1 DT
2T 2z =7 ] 1 2L j@ 4
1 2 3 4 5 6 7 11! : , : : ‘ S— .-
1 2 5 10 20 50 100
M, reach [TeV] £ [ab ]
3S: DTs only hope 20: 8 TeV

M.Costa (SNS and INFN, Pisa)



Bound States (5F only)
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Bottaro et al. 2103.12766

Peaks in ee cross section

For indirect searches (virtual
corrections) in yu—ee:
Di Luzio et al. 1810.10993
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Bound States (5F only)
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Bottaro et al. 2103.12766

Peaks in ee cross section

same QN as W’s!
s-channel mixing

%
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Bound States (5F only)
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Bottaro et al. 2103.12766

Peaks in ee cross section

same QN as W’s!
s-channel mixing

Iz Sa
o(iyis = B — f) ~ BW(s)0cax
Convoluted with Gaussian beam
Energy spread

O(1-10 GeV) vs O(0.1-1GeV) widths
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Bound States (5F only)

100

10

Breit—Wigner

Beam Energy Spread
o E/E =0.01%

n=1
e e e e P Ve e e

n

SM Background

Hru = ete

0.100

Cross section o in fb

0.010

oy

Muon collider energy

s in GeV

Discovery in 1 day of running!
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Peaks in ee cross section

same QN as W’s!
s-channel mixing

Iz

O'('?:lig — B — f) ~ BW(S)O-peak

Convoluted with Gaussian beam
Energy spread
0O(1-10 GeV) vs 0(0.1-1GeV) widths
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Bottaro et al. 2103.12766

Peaks in ee cross section

same QN as W’s!
s-channel mixing
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O'('?:lig — B — f) ~ BW(S)O-peak

Convoluted with Gaussian beam
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(T V)2 [em’/s]

Collider vs ID/DD

B=10 Km/s

10720

i e

10720}
o
7

102 —TF 5

7S £
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M, [TeV]

recast from Panci et al.
1608.00786
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Conclusions

e \We computed thermal masses (only parameter) for real EW WIMPs
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Conclusions

e \We computed thermal masses (only parameter) for real EW WIMPs
e Only 38, 3F, 5F kinematically allowed if Vs < 30 TeV

e Mono-X: low S/B, need high pT cuts. Mono-W 3F 26 @ 12 TeV

e Di-X: relevant only for 5plets. S/B up to 1

e Muonic channels: help for low mass (3-plets)

e DT: very good for 3plets: 3F 26 @ 6 TeV, 3S @ 8 TeV (only chance)

e 5F: resonance of n=1 BS. Discovery in 1 day provided 0.01% energy resol

M.Costa (SNS and INFN, Pisa)
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Thanks for the attention!
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Backup
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Mono-X

Bottaro, MC et al. 2107.09688

€e=0%

\s =14 TeV, £ =20 ab™!, Majorana 3—plet \'s =30TeV, £=90ab™", Majorana 5-plet

T T T T SEE N | T T T T T

TATI IS LTSI IS LSS

mono-y . mono-y
I Cl20 | C20

/777 7 50 7% 50

mono-W (incl.) | mono-W (incl.)

7 T/7/ 7777777777

mono-W (lep.) i | s mono-W (lep.) - |
D) mono-Z |
&

] (TSI TATIT S
mono—u :I mono—u |
Han et al. 1 2 3 4 5 6 7 10 15
2009.11287 M, reach [TeV] M, reach [TeV]

freeze-out

mono—~Z :l

[S2 185
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Di-X

€=0%
Bottaro, MC et al. 2107.09688c
\s =14 TeV, £=20ab™!, Majorana 3—plet \/s =30TeV, £=90ab™!, Majorana 5-plet
dicy [ 20 il 4 Tl20
i %50 g %50
g
di—W (SS) & di-W (SS) o
di—u di-u
2009.11287 M, reach [TeV] M, reach [TeV]
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Disappearing Tracks

-
S

NS =14 TeV.£=20 ab™!, Majorana 3—plet

1DT

—
-
z
N
g
&
s

2DT
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M, reach [TeV]

€=0%

Vs =30 TeV, £ =90 ab™!, Majorana 5-plet
|20
1DT 750
-
=
¢
N
3
&
2 DT
5 10 15

M, reach [TeV]
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Scalar WIMPs

\'s =30TeV, £ =90ab™’, scalar5—plet

5S (Disappearing Tracks)

100 [T T T T T T T 20 ]

mono—y
mono-W (incl.)
mono-W (lep.)
mono-7

di—y

E [TeV]

di-W (SS)

freeze-out

MIM (comb.)
1 DT
2DT

15

M, reach [TeV]

£ [ab7!]

20: hopeless
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C u tS Majorana 3-plet Majorana 5-plet

| V5 esys|[n2 [P [TeV]|Sosv | Soso/B| Mosy [TeV]|[nt [p3 [TeV]|Sosy | Sosv/B| Mosy [TeV]
0 [[24 0.18 1007 | 0.004 0.72 2.4 0.0 3038 0.001 1.4
3 TeV 1% || 2.2 0.24 746 | 0.006 0.67 1.2 0.0 3683 | 0.003 1.3
1% || 1.2 0.78 107 | 0.05 0.58 0.6 0.3 639 | 0.02 1.1
< 0 |16 2.5 360 | 0.01 2.9 >, 028 3693 0.001 5.5
2 14 TeV| 1% || 1.6 2.8 323 | 0.01 2.2 1.2 0.84 1300 | 0.004 5.2
= 1% || 1.0 4.5 108 | 0.05 1.9 0.8 %8 331 | 0.03 4.4
0 | 1.2 7.8 174 | 0.02 4.4 1.6 1.8 1795 | 0.002 Ti
30 TeV | 1% || 1.2 7.8 175 | 0.02 4.4 1.0 2.4 1312 | 0.004 11
1% || 1.2 8.4 190 | 0.03 4.0 0.8 6.0 455 | 0.03 8.8
0|16 0.36 842 [ 0.005 0.79 2.2 0.06 [5625] 0.0007 1.2
D[ 3 TeV | 1% || 1.4 0.48 534 | 0.008 0.78 1.0 0.24 1649 | 0.004 1.2
Z 1% || 1.0 0.84 172 | 0.04 0.64 0.6 0.54 515 | 0.02 1.0
E 0|16 2.0 819 | 0.005 3.4 1.8 0.56 | 5325 0.0008 5.5
=114 TeV | 1%0 || 1.6 2.2 665 | 0.007 3.3 1.0 1.4 1342 | 0.004 5.2
% 1% || 0.8 4.2 155 | 0.04 2.8 1.2 2.5 635 | 0.03 4.4
B 0 || 14 5.4 696 | 0.006 6.7 1.8 1.8 3946 | 0.001 12
= (30 TeV | 1% || 1.4 5.4 606 | 0.007 6.7 1.4 2.4 2771| 0.003 11
1% || 1.0 9.0 211 | 0.03 5.2 0.8 5.4 813 | 0.02 9.3

M.Costa (SNS and INFN, Pisa)



FCC-hh prospects

B 14TeV,3ab™?
EEm 27TeV,15ab"?
B 100 TeV, 30 ab™ -

. — .500. .10.00. —

.15.00. —

Wino Mass m; [GeV]

mono-jet

M.Costa (SNS and INFN, Pisa)

2000 2500
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Indirect collider prospects
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Integrated luminosity for BS

0.001

5.x104}

Bottaro et al. 2103.12766
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Beam energy resolution o/E
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DT recast

Capdevilla et al.

2102.11292

Requirement / Region SR, SRJ,

Vetoes leptons and jets

Frmax ( 6) Leading tracklet pr [GeV] > 300 > 20

max Te A7, : %
P(9 e rmax) :/ et — 7 e_r/(('TB'V o 9)1 Leading tracklet 6 |rad| [2/97, 7/97]

T'min ctf3 o Subleading tracklet pr |GeV]| - > 10

Tracklet pair Az [mm]| - < 0.1

Photon energy [GeV]| > 25 > 25

M.Costa (SNS and INFN, Pisa)



